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(57) ABSTRACT 

An optical communication equipment includes a semicon 
ductor laser element, an image-forming element, an optical 
?ber and a substrate for mounting the semiconductor laser 
element, the image-forming element and the optical ?ber. An 
optical output of the semiconductor laser element is adapted 
to be provided to the optical ?ber via the image-forming 
element. The image-forming element is mounted in a 
V-groove formed in the substrate and having a substantially 
“V”-shaped cross-section. A shortest distance betWeen a 
light spot of the semiconductor laser element and an optical 
axis of the image-forming element is 1 mm at most and the 
image-forming element substantially satis?es the sine con 
dition. 

27 Claims, 11 Drawing Sheets 
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OPTICAL COMMUNICATION EQUIPMENT 
AND OPTICAL COMMUNICATION 

NETWORK EQUIPMENT 

BACKGROUND OF THE INVENTION 

The present invention relates to optical communication 
equipment and network equipment, such as optical commu 
nication equipment and netWork equipment comprising a 
semiconductor laser element, an optical ?ber, an optical 
detector and an optical system for optically coupling them. 

In optical communication equipment Which couples an 
output from a semiconductor laser element to an optical ?ber 
and transmits information to a distant place, it is necessary 
to couple the output from the semiconductor laser element to 
the optical ?ber as ef?ciently as possible. 

To meet the demands of siZe reduction and surface 
mounting in such optical modules, optical components are 
mounted Within a dual in-line type package as in the case of 
integrated circuits (ICs) and large-scale integrated circuits 
(LSIs), and then the package is mounted on a circuit board. 

Within the package, the optical components and other 
components are mounted on a Si substrate. 

In the optical coupling system, as a coupling lens for 
coupling light from the semiconductor laser element to the 
optical ?ber, a ball-type spherical lens 1 is used as illustrated 
in FIG. 1. The ball-type spherical lens is described in 
“LIGHTWAVE” by J. F. Dormer, p82, February 1998. 

SUMMARY OF THE INVENTION 

In the conventional ball-type lens, there is a problem that, 
When its numerical aperture on a semiconductor laser ele 
ment side is increased for improving optical coupling 
ef?ciency, its spherical aberration increases, increase in the 
spherical aberration degrades a light spot pro?le on the 
entrance end of the optical ?ber, and consequently decreases 
its optical coupling ef?ciency to the optical ?ber. 

There is another problem With the conventional ball-type 
lens that, When a light spot of the semiconductor laser 
element is displaced from the optical axis of the ball-type 
lens, coma aberration, astigmatism and spherical aberration 
in a narroW sense occur, and the optical coupling ef?ciency 
is made smaller than When the light spot on the optical axis 
of the ball-type lens. 

It is one of the objects of the present invention to solve the 
above problems. One of features in an embodiment of the 
present invention is such that an optical component having 
a better imaging characteristics in place of the ball-type lens 
is mounted on a Si substrate on Which a semiconductor laser 
element is also mounted. A V-groove having a substantially 
“V”-shaped cross-section is formed in the Si substrate With 
unisotropic etching. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the accompanying draWings, in Which like reference 
numerals designate similar components throughout the 
?gures, and in Which: 

FIG. 1 is a plan vieW of a prior art module employing a 
ball type spherical lens for optically coupling a semicon 
ductor laser element. 

FIGS. 2A and 2B are illustrations for explaining the sine 
condition. 

FIGS. 3A and 3B are horiZontal and vertical cross 
sectional vieWs of an optical module mounting an image 
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2 
forming element of an embodiment in accordance With the 
present invention in a V-groove formed in a Si substrate, 
respectively. 

FIG. 4 is a plan vieW for explaining the arrangement of a 
Si substrate sub-assembly of an embodiment in accordance 
With the present invention and an optical ?ber. 

FIGS. 5A and 5B are plan and vertical cross-sectional 
vieWs of optical communication equipment of another 
embodiment in accordance With the present invention for 
explaining the arrangement of a semiconductor laser 
element, an image-forming element and an optical ?ber 
employed in the optical communication equipment, respec 
tively. 

FIG. 6 is a plan vieW of another embodiment in accor 
dance With the present invention comprising a semiconduc 
tor laser element, an image-forming element, an optical 
isolator and an optical ?ber. 

FIG. 7 is a plan vieW of another embodiment in accor 
dance With the present invention comprising optical ?bers, 
image-forming elements, an optical modulator and a Si 
substrate. 

FIG. 8 is an illustration of an optical module of an 
embodiment in accordance With the present invention 
mounted on a circuit board. 

FIGS. 9A and 9B are plan and cross-sectional vieWs of an 
optical module of an embodiment in accordance With the 
present invention provided With detachable ?ber pigtails and 
mounted on a circuit board, respectively. 

FIG. 10 is a plan vieW of a sub-assembly of an embodi 
ment in accordance With the present invention mounted in a 
package together With a laser element driver IC. 

FIG. 11 is a plan vieW of a Wavelength-division multi 
plexed module of an embodiment in accordance With the 
present invention employing the sub-assembly in accor 
dance With the present invention using tWo different Wave 
lengths of 1.3 pm and 1.5 pm. 

FIG. 12 is an illustration of the arrangement of an optical 
module of an embodiment in accordance With the present 
invention and a passive star for access netWork. 

FIGS. 13A and 13B are illustrations of the arrangement of 
an optical module of an embodiment in accordance With the 
present invention, a Waveguide array and a Wavelength 
division multiplexing ?lter con?gured to achieve dense 
Wavelength-division multiplexing. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The embodiments of the present invention Will be 
explained by reference to the draWings. 
As shoWn in FIGS. 3A and 3B, an image-forming element 

3 is mounted in the V-groove 7 such that the optical axis of 
the image-forming element 3 is aligned With the longitudinal 
axis 301 of the V-groove 7. With this construction, the 
semiconductor laser element 2 and the image forming ele 
ment 3 are aligned With each other With high accuracy. 

There is a limitation to the dimensions of the V-groove 
When it is required to form the V-groove in the Si substrate 
With high precision, and it is desirable that a diameter of the 
image-forming element 3 is in a range of 50 pm to 2 mm. 

It is also desirable that the image-forming element 3 
satis?es the sine condition. That means that it is necessary 
that spherical aberration and coma aberration are eliminated 
suf?ciently in the vicinities of the optical axis of the image 
forming element. 
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A representative image-forming element in the embodi 
ments of the present invention has tWo aspherical lens 
surfaces. 

Other examples of image-forming elements designed for 
satisfying the sine condition are diffraction optical elements 
having diffraction grating, hybrid image-forming element 
having a lens With diffraction grating formed on the lens, 
combination lenses comprising a plurality of lenses, and 
graded index lenses With its refractive index varied in its 
glass medium. 

The folloWing explains the sine condition. Optical com 
munication equipment to Which the embodiments of the 
present invention are directed uses a light source providing 
a laser beam of a large divergence angle such as a semi 
conductor laser element. 

It is necessary to increase a numerical aperture of a lens 
for receiving the laser beam for improving the utiliZation 
coef?cient of light from the semiconductor laser element, 
and this means the lens needs characteristics similar to those 
of a objective lens of a microscope. 

In designing such image-forming elements, it is desirable 
that there is a criterion condition available for elimination of 
coma aberration in the vicinities of the axis of an image 
forming element over the While entrance pupil plane. The 
sine condition is suitable for the criterion, as Will be 
explained in connection With FIGS. 2A and 2B. 

FIGS. 2A and 2B are illustrations for explaining the sine 
condition When images of a light source are not at in?nity 
and at in?nity, respectively. 

In FIG. 2A, assume that an arbitrary ray 201 leaves an 
object on the optical axis at an angle u With respect to the 
optical axis, and makes an angle u‘ With respect to the optical 
axis after passing through the optical system. Acondition for 
eliminating aberrations in the neighborhood of the optical 
axis, that is, spherical aberration and coma aberration, from 
the ray 201 under consideration at the same time is that a 
position Where the ray 201 intersects the optical axis in the 
image space coincides With a paraxial imaging point. In 
addition to elimination of spherical aberration, the angles u 
and u‘ must satisfy a relationship sin u/sin u‘=m Where m is 
a paraxial lateral magni?cation. This is the sine condition, 
and is an extension of the Well-known formula for the 
paraxial lateral magni?cation out of the paraxial region. 
NoW assume that the optical system satis?es the sine 
condition, s is a distance from a principal point H in the 
object plane to an object point on the axis, and s‘ is a distance 
from a principal point H‘ in the image plane to an image 
point on the axis. They give m=s‘/s=sin u/sin u‘, and then s 
sin u=s‘ sin u‘. 

This means that, in the optical system satisfying the sine 
condition, When a principal plane having a lateral magni? 
cation of 1 is extended out of the paraxial region, the 
principal planes 202 are not planar, but spherical With their 
centers being the object point on the axis and the image point 
on the axis, respectively. 

In a case Where the image point on the axis is at in?nity 
as illustrated in FIG. 2B, if a ray travels at a height h in 
parallel With the optical axis, the relationship f=h/sin u 
exists. This means the principal plane on the image side is 
planar, but the principal plane on the object side is spherical. 

Also in the optical system for coupling a semiconductor 
laser element to an optical ?ber or an optical Waveguide in 
optical communication equipment, it is possible to obtain 
the theoretical maximum optical coupling ef?ciency With 
large tolerances, only When the sine condition is satis?ed. 

Next, the aberration of the image-forming element Will be 
studied from a vieWpoint different from the sine condition. 
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4 
When a light beam from a semiconductor laser element is 
provided to an optical ?ber by collecting the light beam by 
the image-forming element, if aberration of the image 
forming element is large, the spot of the collected light beam 
spreads at the entrance end of the optical ?ber and, 
consequently, this reduces the utiliZation coef?cient of the 
light to be provided into the optical ?ber. And, if a mis 
alignment in the optical axis betWeen the semiconductor 
laser element and the image-forming element exists, the 
amount of aberration in the spot of the collected light 
increases and this reduces the amount of light provided into 
the optical ?ber. 

Consequently, it is desirable in image-forming elements 
for the embodiments of the present invention that a shortest 
distance betWeen a light spot of the semiconductor laser 
element and an optical axis of the image-forming element is 
2 mm at most in an object space of the image-forming 
element, and a maximum of Wave front aberration in an 
image of a light spot of the semiconductor laser element 
caused by the image-forming element is less than half an 
output Wavelength of the semiconductor laser element. By 
satisfying these conditions, the degradation of a spot of the 
collected light can be reduced and the decrease in the optical 
coupling ef?ciency to the optical ?ber can be reduced. 

Next, the optical coupling betWeen the semiconductor 
laser element and the optical ?ber or the optical Waveguide 
Will be considered. The optical coupling ef?ciency e 
betWeen tWo modes capable of being approximated by a 
Gaussian mode, such as semiconductor laser elements and 
optical ?bers, is given by e=4/(NA1/NA2+NA2/NA1)2, 
Where NA1 and NA2 are numerical apertures of the semi 
conductor laser element and the optical ?ber, respectively. 
The optical coupling ef?ciency e is maximized When NA1= 
NA2. 
A feature in the embodiments of the present invention is 

making the numerical aperture NA1 on the semiconductor 
laser element side and the numerical aperture NA2 on the 
optical ?ber side equal to each other Within manufacturing 
tolerances. 

Usually the divergence angles (full Width at half 
maximum) of the laser beams from the semiconductor laser 
elements are in a range of 5° to 55° at most, and the high 
optical coupling ef?ciency is obtained by setting the numeri 
cal aperture of the image-forming element on the semicon 
ductor laser element side Within the range of the numerical 
aperture of the semiconductor laser element, and by setting 
the numerical aperture of the image-forming element on the 
optical ?ber side Within the varying range of the numerical 
aperture of the optical ?ber. 
By disposing an optical isolator betWeen the image 

forming element and the optical ?ber, the plane of polar 
iZation of return light to the semiconductor laser element can 
be rotated by 90° and interference betWeen the original light 
and the return light can be reduced such that the output of the 
semiconductor laser element can be stabiliZed. 

FIGS. 3A and 3B are horiZontal and vertical cross 
sectional vieWs of an optical module mounting an image 
forming element of a ?rst embodiment in accordance With 
the present invention, respectively. A light output from a 
semiconductor laser element 2 is collected by an image 
forming element 3 such as an aspherical lens, and provided 
to an optical ?ber 5 provided With a ferrule via an optical 
isolator 4. 

A divergence angle (full Width at half maximum) of a 
laser beam from the semiconductor laser element 2 is about 
30°, and most of the laser beam can be taken in by the 
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image-forming element 3 having a numerical aperture of 0.2 
to 0.9 on the object side. Anumerical aperture of the optical 
?ber is usually 0.1 and by setting a numerical aperture of the 
image-forming element 3 on the optical ?ber side to be about 
0.1 the tWo numerical apertures are made equal to each other 
to provide higher optical coupling ef?ciency. 

The image-forming element 3 is disposed in a V-groove 7 
formed in a Si substrate 6, and the semiconductor laser 
element 2 can be positioned on the same substrate 6, and 
therefore the image-forming element 3 and the semiconduc 
tor laser element 2 can be aligned With each other With 
accuracy in the order of submicrons. 

Since the image-forming element 3 satis?es the sine 
condition, the amount of Wave front aberration can be 
suppressed to less than half the Wavelength even When the 
object is in the vicinities more than several tens pm aWay 
from the optical axis of the lens as Well as on the optical axis 
of the lens, and imaging characteristics is secured to a limit 
by diffraction at the entrance end of the optical ?ber. 
Magni?cation by the optical system is tWo to nine. 
A photodetector 8 is attached immediately behind the 

semiconductor laser element 2 by die bonding and monitors 
the output of the semiconductor laser element. The Si 
substrate 6 having these optical components and the image 
forming element 3 mounted thereon is af?xed and electri 
cally connected to a pad 10 Within the package 9. Electrodes 
on the Si substrate are connected to respective pins 11 by 
Wire bonding. 
An optical isolator 4 and a ferrule ?ber 5 are contained 

Within a metal tube 12, and the metal tube 12 is af?xed With 
adhesive or Welded to the package 9. The package 9 is 
hermetically sealed With a sealing WindoW 13 and a lid. 

With this construction, the optical coupling ef?ciency 
betWeen the semiconductor laser element and the optical 
?ber is improved, limitations on “kink” appearing levels and 
temperature-dependency of the output are relaxed, produc 
tion of the optical modules With higher yield is realiZed, and 
high reliability, simpli?cation and automation of surface 
mounting are realiZed by making the most of Si substrates. 

FIG. 4 is an illustration for explaining a second embodi 
ment of the present invention. FIG. 4 illustrates the arrange 
ment of the semiconductor laser element 2 positioned on the 
optical axis of the image-forming element 3, a direction 14 
of the optical axis of the coupling optical system, and an 
optical axis 15 of the optical ?ber 5 With its end beveled. The 
direction of the optical axis 14 of the coupling optical system 
intersects the optical axis 15 of the optical ?ber 5 With an 
angle 6 Which is larger than 0°, but does not exceed 10° in 
a major surface of the Si substrate. 

The reason Why this arrangement is adopted is as folloWs: 

When refraction of light at the end of the ?ber 5, an exit 
angle of the light is calculated by the Snell’s laW using the 
refractive indices of the optical ?ber and the medium 
surrounding the end of the optical ?ber. The optical coupling 
ef?ciency betWeen the laser beam and the optical ?ber is 
maximiZed When the laser light is entered into the optical 
?ber at an angle equal to the above exit angle. 

The entrance end of the optical ?ber is beveled such that 
light re?ected from the end of the optical ?ber is prevented 
from returning to the semiconductor laser element and 
producing ?uctuations in the output of the semiconductor 
laser element by interference With the original laser light. 
By blocking the return light to the semiconductor laser 

element, this embodiment becomes capable of employing a 
DFB (distributed feedback) laser Which is sensitive to return 
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6 
light and tends to produce large ?uctuations in its output, 
With loW ?uctuations in its output. Therefore this embodi 
ment provides a great contribution to lengthening of the 
transmission distance, speed-up, increase of its functions, 
reduction in siZe and poWer saving. 

FIGS. 5A and 5B are plan and vertical cross-sectional 
vieWs of optical communication equipment of a third 
embodiment in accordance With the present invention. 
The light spot of the semiconductor laser element 2 is 

displaced from the optical axis 14 of the image-forming 
element 3, a direction of the principal ray 16 connecting the 
light spot and the center of the lens iris is aligned With the 
principal ray 15 of the optical ?ber 5. 

If aberration in the image-forming element can be 
neglected, the optical coupling is maximiZed When the 
principal rays 15 and 15 are aligned accurately With each 
other. In actual practice, the coupling ef?ciency to the optical 
?ber is reduced due to the increase in Wave front aberration 
caused by the displacement of the light spot. Therefore it is 
desirable that the principal rays 15 and 16 intersect each 
other at an angle 6 Which is larger than 0°, but 10° at most 
, and Which is selected depending upon the amount of 
aberration of the image-forming element. 

FIG. 6 is an illustration for explaining a fourth embodi 
ment of the present invention. An optical isolator 4 is 
disposed betWeen the image-forming element 3 and the 
optical ?ber 5. The optical isolator 4 rotates a direction of 
polariZation of the light from the semiconductor laser ele 
ment Which has transmitted through it, by an angle of 45°, 
and rotates a direction of polariZation of the light by 45° 
again When the light is re?ected doWnstream and enters the 
optical isolator again in the reverse direction. 
The direction of polariZation of the return light makes an 

angle of 45° With that of the original light, the original and 
return lights do not interfere With each other and therefore 
?uctuations in the output of the semiconductor laser element 
are reduced. 

In FIG. 6, the optical isolator 4 is tilted toWard the left side 
so that light re?ected on the end of the optical isolator is 
prevented from returning to the semiconductor laser element 
2. When the optical isolator 4 is tilted toWard the left side, 
not toWard the right side, the image of the light spot formed 
by the image-forming element 3 is shifted upWard in FIG. 6 
and is made nearer to the optical axis 14, therefore aberra 
tion is reduced, quality of the image is improved, and higher 
optical coupling efficiency to the optical ?ber is obtained. 

FIG. 7 is an illustration for explaining a ?fth embodiment 
of the present invention. The light from the optical ?ber 5 at 
the left-hand of FIG. 7 is provided to the image-forming 
element 3 such as an aspherical lens, and then is provided to 
a semiconductor optical modulator 17 Where the light is high 
frequency-modulated. The high frequency-modulated light 
emitted from the semiconductor optical modulator 17 is 
collected by the image-forming element 3 and is coupled to 
a second optical ?ber 5 at the right-hand of FIG. 7. The tWo 
image-forming elements 3,3 are mounted in the V-groove 
formed in the Si substrate and the optical modulator 17 is 
aligned With the center line 18 of the V-groove and affixed 
to the substrate by die bonding. 

In place of the optical modulator 17, this embodiment can 
employ a semiconductor optical ampli?er, an optical sWitch, 
a photo detector, various kinds of optical devices for 
Wavelength-division multiplexing or an optical element for 
add and drop. 

FIG. 8 is an illustration for explaining a sixth embodiment 
of the present invention. The optical module 19 having 
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incorporated therein the optical devices of the above 
embodiments is mounted on the circuit board 20 together 
With an LSI 21 for a semiconductor laser element driver 
circuit, a receiver 22, an ampli?er 23 for the receiver. In this 
embodiment, a ?ber pigtail 24 is mounted on the circuit 
board 20. 

FIGS. 9A and 9B are plan and cross-sectional vieWs of an 
optical module of a seventh embodiment in accordance With 
the present invention. The optical module 19 is a package of 
the type detachably coupling an optical ?ber 25 thereto. The 
optical ?ber 25 is detachably coupled by an optical connec 
tor 24. 

This construction eliminates the need for routing of a ?ber 
pigtail and enables automation of soldering by a re?oW-at 
one-time method in the manufacture of the optical module. 

FIG. 10 is an illustration for explaining an eighth embodi 
ment of the present invention. This embodiment mounts the 
above assemblies mounted on the Si substrate in the previ 
ous embodiments and various application speci?c integrated 
circuit, an driver IC 26, for example, in the same package to 
increase the packing density. 

FIG. 11 is a plan vieW of a Wavelength-division multi 
plexed optical module of an embodiment in accordance With 
the invention. The 8-pin dual in-line type package 30 houses 
a block Which mounts the semiconductor laser element 2 and 
the image-forming element 3 such as an aspherical lens on 
the Si substrate 6 formed With a V-groove. The light beam 
from the semiconductor laser element is coupled to the 
optical ?ber 5. A Wavelength-selective ?lter 27 is disposed 
betWeen the image-forming element 3 and the optical ?ber 
5 such that the light from the semiconductor laser element 
pass through the ?lter 27, the optical signal is re?ected by 
the ?lter 27 to the photo detector 28 Where the optical signal 
is converted into an electrical signal, and the electrical signal 
is ampli?ed by the ampli?er 29. This embodiment integrates 
a transmitter and a receiver into a single optical module. 

According to the standardiZing conference for access 
netWork in FSAN (Full Services Access NetWork Systems), 
the Wavelength for the semiconductor laser element on the 
subscriber side is 1.3 pm, the Wavelength for the photo 
detector on the subscriber side is 1.5 pm; the Wavelength for 
the semiconductor laser element on the station side is 1.5 
pm, and the Wavelength for the photo detector on the station 
side is 1.3 pm. This embodiment satis?es these speci?ca 
tions. 

The embodiments of the present invention features inte 
gration of the optical system having high optical coupling 
ef?ciency on the Si substrate together With the semiconduc 
tor laser element. 

Suppose an optical signal from the optical module 31 on 
the station side is distributed to N lines by a branching 
device 32 as illustrated in FIG. 12. If a high optical coupling 
ef?ciency is achieved in the optical system and the output of 
the optical ?ber is doubled, this makes possible a distribu 
tion to 2N lines, the cost of the system can be shared by 
double the original number of subscribers, and consequently 
the cost Would be greatly reduced. 

Generally in single-mode optical transmission, When an 
optical signal from the optical module 33 on the subscriber 
side is transmitted to the optical module 31 on the station 
side, the optical output is reduced to one Nth When the 
optical signal passes through the branching device for dis 
tributing to N lines. Consequently, the high optical coupling 
ef?ciency is required of the optical module 33 on the 
subscriber side, and the optical system of the present inven 
tion provides great advantages. 
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FIGS. 13A and 13B are illustrations of the arrangement of 

an optical module of an embodiment in accordance With the 
present invention, a Waveguide array and a Wavelength 
division multiplexing ?lter con?gured to achieve dense 
Wavelength-division multiplexing. A plurality of optical 
module 34 each having a semiconductor laser element are 
arranged such that a difference in Wavelength betWeen tWo 
adjacent semiconductor laser elements is small, the optical 
modules 34 are a Wavelength-division multiplexer 35. In the 
optical multiplexer 35, a plurality of optical Waveguides 
each having an optical path differing from each other are 
arranged in an array, the diffraction section 36 provides the 
incident lights to the succeeding optical guide array, and 
again the lights are provided to the optical Waveguide array 
37 With each optical Waveguide having an optical path 
differing from each other. Next all the lights enter one 
optical Waveguide 39 at the light collection section 38, are 
provided to the optical ?ber 40, and are transmitted to the 
receiving optical module in the Wavelength-division multi 
plexed state. 

With this construction, many Wavelength channels can be 
established in a single optical ?ber and a large-capacity 
optical communication netWork can be established. 

For example, suppose 2.5 Gbps can be transmitted by a 
single Wavelength. If the number of Wavelengths are 
increased to 16, 32 and 64, the amount of transmission are 
increased to 40, 80, 160 Gbps, respectively. Further, if 10 
and 40 Gbps are achieved by a single Wavelength, the 
Wavelength-division multiplexing by a factor of 64 provides 
640 Gbps and 2.56 Tbps. 

FIG. 13B illustrates another embodiment. There are 
arranged a plurality of sub-assemblies 41 having a semicon 
ductor laser element 2, an image-forming element 3 such as 
an aspherical and a Si substrate formed With a V-groove 6. 

Each of the semiconductor laser elements has an oscil 
lating Wavelength differing from each other. 
The laser light from the sub-assembly 41 enters the 

optical Wavelength multiplexer 42, is re?ected successively 
by the Wavelength-selective ?lters 43, 44 and 45 and then is 
coupled to the optical ?ber 46. The light from the sub 
assembly 47 has a Wavelength a little different from that of 
the laser light from the sub-assembly 41, therefore passes 
through the ?lter 43, then is re?ected by the ?lters 44 and 45, 
and goes to the optical ?ber 46. In this Way the lights from 
the remaining sub-assemblies are also provided to the opti 
cal ?ber 46 in the Wavelength-division multiplexed state to 
achieve the above-mentioned large-capacity transmission 
channels. 

Reception of the optical signals is carried out by perform 
ing the above procedure in the reverse order. The embodi 
ments of the present invention provide optical communica 
tion equipment having high optical coupling ef?ciency. 
What is claimed is: 
1. An optical communication equipment comprising a 

semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of; said semiconductor laser 
element being provided it said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, a shortest distance 
betWeen a light spot of said semiconductor laser ele 
ment and an optical axis of said image-forming element 
is 1 mm at most and said image-forming element 
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substantially satis?es a sine condition de?ned as m sin 

m is a paraxial lateral magni?cation of said image 
forming element, 

u is an angle Which an arbitrary ray leaving an object 
on said optical axis makes With respect to said 
optical axis, and 

u‘ is an angle Which said arbitrary ray after passing 
through said image-forming element makes With 
respect to said optical axis. 

2. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, a diameter of said 
image-forming element is at least 10 microns, but 2 mm 
at most, a shortest distance betWeen a light spot of said 
semiconductor laser element and an optical axis of said 
image-forming element is 2 mm at most in an object 
space of said image-forming element, and a maximum 
of Wave front aberration in an image of said semicon 
ductor laser element caused by said image-forming 
element is less than half an output Wavelength of said 
semiconductor laser element. 

3. An optical communication equipment according to 
claim 2, Wherein an angle 6 betWeen a direction of a 
principal ray of an optical system comprised of said semi 
conductor laser element and said image-forming element 
and a direction of a principal ray of said optical ?ber is in a 
range of 61/10 to 6mm, said 6mm being said angle 6 at Which 
an optical coupling ef?ciency betWeen said semiconductor 
laser element and said optical ?ber is a maximum thereof, 
and said 61/10 being said angle 6 at Which said optical 
coupling ef?ciency is one tenth of said maximum. 

4. An optical communication equipment according to 
claim 2, Wherein said light spot is in a plane parallel With a 
major surface of said substrate mounting said image 
forming element therein, is displaced in a direction vertical 
With respect to said optical axis of said image-forming 
element such that an optical axis of an optical system 
comprised of said semiconductor laser element and an image 
point formed by said image-forming element intersects said 
optical axis of said image-forming element at an angle 6A 
(6A¢0). 

5. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, a shortest distance 
betWeen a light spot of said semiconductor laser ele 
ment and an optical axis of said image-forming element 
is 1 mm at most, a numerical aperture of said image 
forming element on a side thereof facing said semicon 
ductor laser element is approximately equal to a 
numerical aperture of said semiconductor laser element 
and a numerical aperture of said image-forming ele 
ment on a side thereof facing said optical ?ber is 
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approximately equal to a numerical aperture of said 
optical ?ber, When said numerical aperture is de?ned as 
n sin 0t, n being a refractive index and 0t being a beam 
divergence angle. 

6. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, a shortest distance 
betWeen a light spot of said semiconductor laser ele 
ment and an optical axis of said image-forming element 
is 1 mm at most, and an angle 6 betWeen a direction of 
a principal ray of an optical system comprised of said 
semiconductor laser element and said image-forming 
element and a direction of a principal ray of said optical 
?ber is in a range of 61/10 to emax, said Gmax being said 
angle 6 at Which an optical coupling ef?ciency betWeen 
said semiconductor laser element and said optical ?ber 
is a maximum thereof, and said 61/10 being said angle 
6 at Which said optical coupling ef?ciency is one tenth 
of said maximum. 

7. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, a shortest distance 
betWeen a light spot of said semiconductor laser ele 
ment and an optical axis of said image-forming element 
is 1 mm at most, a numerical aperture of said image 
forming element on a side thereof facing said semicon 
ductor laser element is approximately equal to a 
numerical aperture of said semiconductor laser element 
and a numerical aperture of said image-forming ele 
ment on a side thereof facing said optical ?ber is 
approximately equal to a numerical aperture of said 
optical ?ber, When said numerical aperture is de?ned as 
n sin 0t, n being a refractive index and 0t being a beam 
divergence angle, and an angle 6 betWeen a direction of 
a principal ray of an optical system comprised of said 
semiconductor laser element and said image-forming 
element and a direction of a principal ray of said optical 
?ber is in a range of 61/10 to emax, said Gmax being said 
angle 6 at Which an optical coupling ef?ciency betWeen 
said semiconductor laser element and said optical ?ber 
is a maximum thereof, and said 61/10 being said angle 
6 at Which said optical coupling ef?ciency is one tenth 
of said maximum. 

8. An optical communication equipment according to 
claim 7, Wherein said light spot is in a plane parallel With a 
major surface of said substrate mounting said image 
forming element therein, is displaced in a direction vertical 
With respect to said optical axis of said image-forming 
element such that an optical axis of an optical system 
comprised of said semiconductor laser element and an image 
point formed by said image-forming element intersects said 
optical axis of said image-forming element at an angle 6A 
(6A¢0). 
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9. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, Wherein said image-forming element is 
mounted in a V-groove formed in said substrate and having 
a substantially “V”-shaped cross-section, and a light spot of 
said semiconductor laser element is in a plane parallel With 
a major surface of said substrate mounting said image 
forming element therein, is displaced in a direction vertical 
With respect to said optical axis of said image-forming 
element such that an optical axis of an optical system 
comprised of said semiconductor laser element and an image 
point formed by said image-forming element intersects said 
optical axis of said image-forming element at an angle 6A 
(6A¢0). 

10. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, 

a diameter of said image-forming element is at least 10 
microns, but 2 mm at most, a shortest distance betWeen 
a light spot of said semiconductor laser element and an 
optical axis of said image-forming element is 2 mm at 
most in an object space of said image-forming element, 
and a maximum of Wave aberration in an image of said 
semiconductor laser element caused by said image 
forming element is less than half an output Wavelength 
of said semiconductor laser element, and 

an optical axis formed by said semiconductor laser ele 
ment and said image-forming element intersects a 
normal to an entrance end of an optical isolator dis 
posed on an optical axis formed by said image-forming 
element and one end of said optical ?ber, at a prede 
termined angle 6(6#0). 

11. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, 

a shortest distance betWeen a light spot of said semicon 
ductor laser element and an optical axis of said image 
forming element is 1 mm at most, a numerical aperture 
of said image-forming element on a side thereof facing 
said semiconductor laser element is approximately 
equal to a numerical aperture of said semiconductor 
laser element and a numerical aperture of said image 
forming element on a side thereof facing said optical 
?ber is approximately equal to a numerical aperture of 
said optical ?ber, When said numerical aperture is 
de?ned as n sin 0t, n being a refractive index and 0t 
being a beam divergence angle, and 

an optical axis formed by said semiconductor laser ele 
ment and said image-forming element intersects a 
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normal to an entrance end of an optical isolator dis 
posed on an optical axis formed by said image-forming 
element and one end of said optical ?ber, at a prede 
termined angle 6(6#0). 

12. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, 

a shortest distance betWeen a light spot of said semicon 
ductor laser element and an optical axis of said image 
forming element is 1 mm at most, and 

an optical axis of said image-forming element intersects a 
normal to an entrance end of an optical isolator Which 
laser light from said semiconductor laser element enters 
at an acute angle 6, said optical isolator being disposed 
on an optical axis formed by said image-forming ele 
ment and one end of said optical ?ber. 

13. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, 

a diameter of said image-forming element is at least 10 
microns, but 2 mm at most, a shortest distance betWeen 
a light spot of said semiconductor laser element and an 
optical axis of said image-forming element is 2 mm at 
most in an object space of said image-forming element, 
and a maximum of Wave aberration in an image of said 
semiconductor laser element caused by said image 
forming element is less than half an output Wavelength 
of said semiconductor laser element, and 

an optical axis of said image-forming element intersects a 
normal to an entrance end of an optical isolator Which 
laser light from said semiconductor laser element enters 
at an acute angle 6, said optical isolator being disposed 
on an optical axis formed by said image-forming ele 
ment and one end of said optical ?ber. 

14. An optical communication equipment comprising a 
semiconductor laser element, an image-forming element, an 
optical ?ber and a substrate for mounting said semiconduc 
tor laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor laser 
element being provided to said optical ?ber via said image 
forming element, 

Wherein said image-forming element is mounted in a 
V-groove formed in said substrate and having a sub 
stantially “V”-shaped cross-section, 

a shortest distance betWeen a light spot of said semicon 
ductor laser element and an optical axis of said image 
forming element is 1 mm at most, a numerical aperture 
of said image-forming element on a side thereof facing 
said semiconductor laser element is approximately 
equal to a numerical aperture of said semiconductor 
laser element and a numerical aperture of said image 
forming element on a side thereof facing said optical 
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?ber is approximately equal to a numerical aperture of 
said optical ?ber, When said numerical aperture is 
de?ned as n sin 0t, n being a refractive index and 0t 
being a beam divergence angle, and 

an optical axis of said image-forming element intersects a 
normal to an entrance end of an optical isolator Which 
laser light from said semiconductor laser element enters 
at an acute angle 6, said optical isolator being disposed 
on an optical axis formed by said image-forming ele 
ment and one end of said optical ?ber. 

15. An optical communication equipment according to 
claim 1, Wherein said semiconductor laser element, said 
image-forming element and said substrate are housed in a 
dual in-line type package. 

16. An optical communication equipment according to 
claim 10, Wherein said semiconductor laser element, said 
image-forming element, said optical isolator and said sub 
strate are mounted in a dual in-line type package. 

17. An optical communication equipment according to 
claim 15, Wherein said optical ?ber is detachably coupled to 
said dual in-line type package. 

18. An optical communication equipment according to 
claim 2, Wherein said image-forming element substantially 
satis?es a sine condition de?ned as m sin u‘=sin u, 
Where 
m is a paraxial lateral magni?cation of said image 

forming element, 
u is an angle Which an arbitrary ray leaving an object on 

said optical axis makes With respect to said optical axis, 
and 

u‘ is an angle Which said arbitrary ray after passing 
through said image-forming element makes With 
respect to said optical axis. 

19. An optical communication equipment comprising: 
a ?rst image-forming element for image-forming and 

providing light emitted from a ?rst optical ?ber to at 
least one of optical elements including an optical 
modulator, an optical ampli?er, an optical sWitch, an 
optical detector, an optical device for Wavelength 
division multiplexing and an optical element for add 
and drop, a second image-forming element for collect 
ing and providing light emitted from said at least one of 
optical elements to a second optical ?ber, and 

a substrate for mounting said ?rst and second image 
forming elements in respective V-grooves formed 
therein and having a substantially “V”-shaped cross 
section, 

Wherein said ?rst and second image-forming elements 
substantially satisfy a sine condition de?ned as m sin 
u‘=sin u, Where 
m is a paraxial lateral magni?cation of a respective one 

of said ?rst and second image-forming elements, 
u is an angle Which an arbitrary ray leaving an object 

on an optical axis of said respective one of said ?rst 
and second image forming elements makes With 
respect to said optical axis, and 

u‘ is an angle Which said arbitrary ray after passing 
through said respective one of said ?rst and second 
image-forming elements makes With respect to said 
optical axis. 

20. A netWork equipment comprising: 
a plurality of optical modules each including 

(1) an assembly comprising a semiconductor laser 
element, an image-forming element, an optical ?ber 
and a substrate for mounting said semiconductor 
laser element, said image-forming element and said 
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optical ?ber, an optical output of said semiconductor 
laser element being provided to said optical ?ber via 
said image-forming element, Wherein said image 
forming element is mounted in a V-groove formed in 
said substrate and having a substantially “V”-shaped 
cross-section, and 

a shortest distance betWeen a light spot of said semicon 
ductor laser element and an optical axis of, said image 
forming element is 1 mm at most and said image 
forming elements substantially satisfy a sine condition 
de?ned as m sin u‘=sin u, Where 
m is a paraxial lateral magni?cation of said image 

forming element, 
u is an angle Which an arbitrary ray leaving an object 

on said optical axis makes With respect to said 
optical axis, and 

u‘ is an angle Which said arbitrary ray after passing 
through said image-forming element makes With 
respect to said optical axis, 

(2) a photodetector, 
(3) ?lters for Wavelength-division multiplexing and 

demultiplexing, said plurality of optical modules 
being installed in at least one station and in a 
plurality of subscribers thereto, and 

a distributor coupled betWeen at least one of said plurality 
of optical modules installed in said at least one station 
and said plurality of optical modules installed in said 
plurality of subscribers for distributing a signal, 

Wherein said optical output of said semiconductor laser 
element incorporated in said at least one of said plu 
rality of optical modules installed in said at least one 
station has a Wavelength )tl different from a wavelength 
)»2 of said optical output of said semiconductor laser 
elements incorporated in said plurality of optical mod 
ules installed in said plurality of subscribers such that 
tWo-Way communication is made possible betWeen said 
optical modules installed in said at least one station and 
in said plurality of subscribers. 

21. A netWork equipment comprising: 
a plurality of optical modules each including 

(1) an assembly comprising a semiconductor laser 
element, an image-forming element, an optical ?ber 
and a substrate for mounting said semiconductor 
laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor 
laser element being provided to said optical ?ber via 
said image-forming element, Wherein said image 
forming element is mounted in a V-groove formed in 
said substrate and having a substantially “V”-shaped 
cross-section, a diameter of said image-forming ele 
ment is at least 10 microns, but 2 mm at most, a 
shortest distance betWeen a light spot of said semi 
conductor laser element and an optical axis of said 
image-forming element is 2 mm at most in an object 
space of said image-forming element, and a maxi 
mum of Wave aberration in an image of said semi 
conductor laser element caused by said image 
forming element is less than half an output 
Wavelength of said semiconductor laser element, and 
said image-forming elements substantially satisfy a 
sine condition de?ned as m sin u‘=sin u, Where 

m is a paraxial lateral magni?cation of said image 
forming element, 

u is an angle Which an arbitrary ray leaving an object 
on said optical axis makes With respect to said 
optical axis, and 

u‘ is an angle Which said arbitrary ray after passing 
through said image-forming element makes With 
respect to said optical axis, 
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(2) a photodetector, 
(3) ?lters for Wavelength-division multiplexing and 

demultiplexing, 
said plurality of optical modules being installed in at least 

one station and in a plurality of subscribers thereto, and 

a distributor coupled betWeen at least one of said plurality 
of optical modules installed in said at least one station 
and said plurality of optical modules installed in said 
plurality of subscribers for distributing a signal, 

Wherein said optical output of said semiconductor laser 
element incorporated in said at least one of said plu 
rality of optical modules installed in said at least one 
station has a Wavelength )tl different from a wavelength 
)»2 of said optical output of said semiconductor laser 
elements incorporated in said plurality of optical mod 
ules installed in said plurality of subscribers such that 
tWo-Way communication is made possible betWeen said 
optical modules installed in said at least one station and 
in said plurality of subscribers. 

22. A netWork equipment comprising: 
a plurality of optical modules each including 

(1) an assembly comprising a semiconductor laser 
element, an image-forming element, an optical ?ber 
and a substrate for mounting said semiconductor 
laser element, said image-forming element and said 
optical ?ber, an optical output of said semiconductor 
laser element being provided to said optical ?ber via 
said image-forming element, Wherein said image 
forming element is mounted in a V-groove formed in 
said substrate and having a substantially “V”-shaped 
cross-section, a shortest distance betWeen a light spot 
of said semiconductor laser element and an optical 
axis of said image-forming element is 1 mm at most, 
a numerical aperture of said image-forming element 
on a side thereof facing said semiconductor laser 
element is approximately equal to a numerical aper 
ture of said semiconductor laser element and a 
numerical aperture of said image-forming element 
on a side thereof facing said optical ?ber is approxi 
mately equal to a numerical aperture of said optical 
?ber, When said numerical aperture is de?ned as n sin 
0t, n being a refractive index and 0t being a beam 
divergence angle, and said image-forming elements 
substantially satisfy a sine condition de?ned as m sin 
u‘=sin u, Where 

m is a paraxial lateral magni?cation of said image 
forming element, 

u is an angle Which an arbitrary ray leaving an object 
on said optical axis makes With respect to said 
optical axis, and 

u‘ is an angle Which said arbitrary ray after passing 
through said image-forming element makes With 
respect to said optical axis, 

(2) a photodetector, 
(3) ?lters for Wavelength-division multiplexing and 

demultiplexing, said plurality of optical modules 
being installed in at least one station and in a 
plurality of subscribers thereto, and 

a distributor coupled betWeen at least one of said plurality 
of optical modules installed in said at least one station 
and said plurality of optical modules installed in said 
plurality of subscribers for distributing a signal, 

Wherein said optical output of said semiconductor laser 
element incorporated in said at least one of said plu 
rality of optical modules installed in said at least one 
station has a Wavelength )tl different from a Wavelength 
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)»2 of said optical output of said semiconductor laser 
elements incorporated in said plurality of optical mod 
ules installed in said plurality of subscribers such that 
tWo-Way communication is made possible betWeen said 
optical modules installed in said at least one station and 
in said plurality of subscribers. 

23. An optical communication equipment according to 
claim 19, Wherein said image-forming elements substan 
tially satisfy the sine condition. 

24. An optical communication equipment comprising ?rst 
and second assemblies each comprising a semiconductor 
laser element, an image-forming element and a substrate for 
mounting said semiconductor laser element and said image 
forming element, an optical output of said semiconductor 
laser element being provided to an optical ?ber via said 
image-forming element, said image-forming element being 
mounted in a V-groove formed in said substrate and having 
a substantially “V”-shaped cross-section, a shortest distance 
betWeen a light spot of said semiconductor laser element and 
an optical axis of said image-forming element being 1 mm 
at most, 

Wherein a ?rst semiconductor laser element incorporated 
in said ?rst assembly provides a ?rst output having a 
Wavelength M, a second semiconductor laser element 
incorporated in said second assembly provides a second 
output having a wavelength )»2 different from said 
Wavelength )tl, 

said ?rst and second outputs are provided to a 
Wavelength-division multiplexer via said ?rst and sec 
ond image-forming elements, respectively, and multi 
plexed signals are provided to the optical ?ber. 

25. An optical communication equipment comprising ?rst 
and second assemblies each comprising a semiconductor 
laser element, an image-forming element and a substrate for 
mounting said semiconductor laser element and said image 
forming element, an optical output of said semiconductor 
laser element being provided to an optical ?ber via said 
image-forming element, 

said image-forming element being mounted in a V-groove 
formed in said substrate and having a substantially 
“V”-shaped cross-section, a diameter of said image 
forming element is at least 10 microns, but 2 mm at 
most, a shortest distance betWeen a light spot of said 
semiconductor laser element and an optical axis of said 
image-forming element is 2 mm at most in an object 
space of said image-forming element, and a maximum 
of Wave aberration in an image of said semiconductor 
laser element caused by said image-forming element is 
less than half an output Wavelength of said semicon 
ductor laser element, 

Wherein a ?rst semiconductor laser element incorporated 
in said ?rst assembly provides a ?rst output having a 
Wavelength M, a second semiconductor laser element 
incorporated in said second assembly provides a second 
output having a wavelength )»2 different from said 
Wavelength )tl, said ?rst and second outputs are pro 
vided to a Wavelength-division multiplexer via said ?rst 
and second image-forming elements, respectively, and 
multiplexed signals are provided to the optical ?ber. 

26. An optical communication equipment comprising ?rst 
and second assemblies each comprising a semiconductor 
laser element, an image-forming element and a substrate for 
mounting said semiconductor laser element and said image 
forming element, an optical output of said semiconductor 
laser element being provided to an optical ?ber via said 




